JAZ proteins are negative regulators of jasmonate responses, acting both as repressors of transcription factors and as co-receptors of JA-Ile. The high redundancy of JAZ genes in angiosperms has hindered the characterization of a complete depletion of JAZ function. Moreover, the recent discovery that dn-OPDA is the jasmonate ligand in Marchantia polymorpha demonstrates that JA-Ile is not the sole COI1/ JAZ ligand in land plants and highlights the importance of studying JAZ co-receptors in bryophytes. Here, we have exploited the low gene redundancy of the liverwort M. polymorpha to characterize the single MpJAZ in this early diverging plant lineage. We clarify the phylogenetic history of the TIFY family, demonstrate that MpJAZ is the ortholog of AtJAZ with a conserved function, and characterize its repressor activity of dn-OPDA responses. Our results show that, consistent with previous findings in Arabidopsis, MpJAZ represses jasmonates biosynthesis, senescence, and plant defenses, and promotes cell growth and reproductive fitness, highlighting the power of studies in Marchantia.
INTRODUCTION
Jasmonates are plant hormones that activate responses to herbivory, wounding, and necrotrophic pathogens (Wasternack and Hause, 2013) . Jasmonates also regulate different developmental processes such as growth and act as elicitors of secondary metabolism (Wasternack and Hause, 2013) .
The jasmonate receptor COI1 is functionally conserved in land plants (Monte et al., 2018) , but the hormone that activates this receptor is different in bryophytes and vascular plants (Monte et al., 2018) . In tracheophytes, the active jasmonate is (+)-7-iso-JA-Ile Sheard et al., 2010; Pratiwi et al., 2017) . However, bryophytes such as the liverwort Marchantia polymorpha are unable to synthesize JA-Ile because they lack key enzymes of the JA-Ile biosynthetic pathway (Monte et al., 2018) . Instead of JA-Ile, the ligands that bind the COI1 receptor in M. polymorpha are two isomers of dn-OPDA (dn-cis-OPDA and dn-iso-OPDA; Monte et al., 2018) . The roles of the dn-OPDA isomers in M. polymorpha and of JA-Ile in Arabidopsis thaliana are largely conserved, but do not completely overlap.
Knockout mutants in the COI1 gene of both species are insensitive to jasmonate-mediated growth inhibition and show increased susceptibility to herbivory. However, while Atcoi1 mutants are sterile, fertility in Mpcoi1 mutants is unaffected (Xie et al., 1998; Monte et al., 2018) . This indicates that growth and defense are regulated by jasmonates in all land plants but the regulation of fertility was co-opted later in evolution.
JAZ proteins are among the most important components of the jasmonate pathway, acting both as repressors of downstream transcription factors (TFs) and as co-receptors of the hormone, together with the COI1 receptor. JAZ genes are present in the genomes of all land plants, from bryophytes to eudicots (Bai et al., 2011; Bowman et al., 2017; Chini et al., 2017; Li et al., 2017; Ebel et al., 2018) . In A. thaliana this family traditionally encompasses 12 members, which share highly conserved ZIM and Jas domains (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007) . Recently, an additional member carrying divergent ZIM and Jas domains was added to the JAZ family (Thireault et al., 2015) . The canonical ZIM domain includes the TIF[F/Y]XG motif and is present not only in JAZ but also in other members of the TIFY family, such as PPD, ZIM, and TIFY8 (Vanholme et al., 2007) . The ZIM domain mediates homo-and heterodimerization of JAZ proteins and interaction with the adaptor protein NINJA Pauwels et al., 2010) . In the absence of the hormone, the Jas domain mediates the interaction with TFs from several families, including the basic-helix-loop-helix (bHLH) MYC TFs. In the presence of the hormone, the Jas domain mediates the interaction with the F-box protein COI1 (Chini et al., 2007; Katsir et al., 2008) . At the molecular level, JAZ proteins act as repressors by simultaneously binding to the TFs and to the adaptor protein NINJA, which recruits the general co-repressor TOPLESS and related proteins through its EAR (ethylene responsive factor-associated amphiphilic repression) domain (Kagale et al., 2010; Pauwels et al., 2010; Zhang et al., 2015) . Upon hormone accumulation, JAZ binds to the SCF COI1 (Skp-Cullin-F-box) complex by forming a co-receptor with COI1 to perceive JA-Ile (Sheard et al., 2010) . As a consequence of this interaction, JAZs are ubiquitinated and targeted to the 26S proteasome for degradation. Thus, the repression of the TFs is relieved, enabling them to interact with other partners such as MED25 to activate JA-Ile responsive genes (Cevik et al., 2012; Chen et al., 2012; An et al., 2017) .
In A. thaliana, the 13 JAZ genes possess very similar ZIM and Jas domains and are thus expected to play both redundant and specific roles, which remain to be characterized (Chini et al., 2016) . Certain JAZ proteins show unique features that support their functional specificity. For instance, some JAZs have an EAR domain that enables their direct interaction with TOPLESS (Pauwels et al., 2010; Causier et al., 2012) . Others have a CMID (cryptic MYC interacting domain) that mediates the interaction with MYCs in the absence of the Jas domain in certain spliced variants (Moreno et al., 2013; Zhang et al., 2017) . JAZ7 and JAZ8 both possess a divergent Jas domain that prevents their interaction with COI1 and the hormone (Shyu et al., 2012) . JAZs also show different expression patterns and different affinities for COI1 depending on hormone threshold, which should also contribute to their functional specificity (Melotto et al., 2008; Demianski et al., 2012) . For instance, JAZ2 plays a specific role in stomatal dynamics upon bacterial infection that depends on its expression pattern in stomata guard cells (Gimenez-Ibanez et al., 2017) . In addition to MYCs, JAZs are known to interact with other bHLH TFs and TFs from other families such as MYBs, YABBY, EIN3/EIL1, TOE, and WRKY (Chini et al., 2016) . As not all JAZs interact with the same partners, the formation of different complexes should also contribute to JAZ specificity.
The existence of multi-gene families such as JAZ in most land plants and, more importantly, the high degree of redundancy among family members (Chini et al., 2016) represent a drawback in the dissection of any pathway and, in particular, in the characterization of specific JAZ functions. Despite the elevated number of JAZ in Arabidopsis, quintuple, decuple, and undecuple mutants have been generated and they show dwarf phenotypes due to the constitutive activation of the JA-Ile pathway (Campos et al., 2016; Guo et al., 2018a) . Despite these remarkable and laborious achievements, obtaining a complete knockout jaz may be challenging (or not possible) due to the severe phenotypes (loss of fertility and cell death) observed in AtjazD and AtjazU mutants, especially following treatment with coronatine (COR) (Guo et al., 2018a) . Moreover, combination of this mutant with others for epistasis analyses would be extremely difficult, particularly if the others are also multiple mutants such as the case of jazQmyc2myc3myc4 (Major et al., 2017) . In this context, the use of M. polymorpha as a model plant emerges as a great opportunity to overcome the gene redundancy of most land plants. Due to the variety of available genetic and biochemical tools, its unique evolutionary position belonging to an early-divergent land plant lineage, and its low gene redundancy, M. polymorpha is an excellent model for comparative genomics.
In contrast to all of the Embryophyta studied so far, where the JAZ family comprises several members, the M. polymorpha genome bears only one homologous sequence for JAZ: Mapoly0097s0021 (hereafter MpJAZ; Bowman et al., 2016; Bowman et al., 2017) . This presents the unique opportunity to analyze the effect of a complete depletion of JAZ function, which should help to uncover novel JAZ-dependent functions and facilitate epistasis analyses. In this work, we clarify the phylogenetic history of the TIFY family, demonstrate that MpJAZ is the ortholog of AtJAZ, and characterize its function as a repressor of dn-OPDA responses in M. polymorpha. Our results show that MpJAZ represses jasmonates biosynthesis and plant defenses and promotes cell growth and reproductive fitness, which is consistent with previous findings in Arabidopsis (Campos et al., 2016; Guo et al., 2018a) .
RESULTS

Conservation of the TIFY Family in the Green Lineage
JAZ proteins belong to the TIFY superfamily, which also contains ZIMs, PPDs, and TIFY8 proteins (Vanholme et al., 2007) . All TIFY superfamily members are characterized by the ZIM domain, which includes the TIFY motif (TIF[F/Y]XG). JAZ proteins are differentiated from the other subfamilies by the presence of a specific Jas domain (Chini et al., 2007 (Chini et al., , 2016 .
Previous reports on the evolution of the TIFY superfamily proposed that it appeared in land plants, as TIFY sequences were not found in chlorophyte algae (Bai et al., 2011) . However, streptophyte algae were not included in such analyses and therefore the origin of TIFY proteins in the green lineage was not resolved. More recently, another analysis identified algal sequences as the so-called charophyte JAZ, but these proteins lack the Jas domain and, therefore, are unlikely to be ''bona fide'' JAZ proteins (Wang et al., 2015) . Moreover, recent genome-sequencing projects suggest that JAZ proteins first appeared in the common ancestor of all land plants (Bowman et al., 2017) . To clarify the evolutionary history of JAZ proteins, we analyzed the presence of TIFY family members in algal and bryophyte genomes. Domain analysis of available algal genomes identified orthologs of ZIM and PPD proteins in charophytes but not in chlorophytes (Supplemental Figure 1A and 1B). The sole ZIM-related sequence in chlorophytes contains only the GATA domain and not the ZIM domain, suggesting that GATA proteins may have been the precursors of ZIM in charophytes. In contrast to ZIM and PPD, TIFY8 or JAZ orthologs were absent in algae and appear only in extant land plants. This indicates that JAZ was probably an acquisition during plant terrestrialization and that TIFY8 evolved simultaneous with JAZ (Supplemental Figure 1A and 1B). Interestingly, we could not find homolog sequences for PPD in M. polymorpha, but MpJAZ includes a partially conserved PPD domain in its N-terminal part (White, 2006; Chini et al., 2017; Supplemental Figure 1C ). This conservation and the presence of PPD proteins in extant charophytes suggest that PPD proteins could have been the evolutionary precursors of JAZ, which evolved as two independent families by gene duplication in vascular plants (Supplemental Figure 1B) . Alternatively, this gene duplication might have occurred in the ancestor of land plants (or in ancestral algae) and the PPD paralog had been lost in bryophytes. These phylogenetic analyses place ZIM proteins as the ancestral TIFYs that evolved into the other members of the superfamily, including PPD, JAZ, and TIFY8.
Conserved Features between AtJAZ and MpJAZ
Gene Induction and Alternative Splicing Sequence conservation does not necessarily mean functional conservation. Thus, to confirm that JAZ function first appeared in land plants, we analyzed conserved features of AtJAZs in MpJAZ. Expression of most Arabidopsis JAZ genes is induced by wounding or JA-Ile, and this induction depends on a functional AtCOI1 (Chini et al., 2007; Thines et al., 2007) . Similarly, JAZ expression in M. polymorpha is also upregulated in response to wounding as well as to the two isoforms of the active hormone (dn-cis-OPDA and dn-iso-OPDA), and this effect depends on MpCOI1 ( Figure 1A ).
Spliced variants of JAZ proteins have been described in Arabidopsis and mainly affect the intron within the Jas domain (Chung et al., 2010; Chini et al., 2016) . The intronexon structure and the intron retention in the alternatively spliced forms are conserved among several species, which is indicative of a conserved function (Bai et al., 2011; Howe et al., 2018) . PCR analyses using specific primer combinations and sequencing of the amplified products confirmed that, similar to AtJAZs, MpJAZ transcripts can be alternatively spliced in the fourth intron, giving rise to a shorter version lacking the Jas domain (MpJAZDJas; Supplemental Figure 2A -2C). This alternatively spliced transcript has a regulation similar to that of the full-length MpJAZ, because its expression is induced by wounding and by the two isomers of dn-OPDA, in an MpCOI1dependent manner ( Figure 1B ). However, in contrast to the retention of the Jas intron conserved in vascular plants, the alternative splice site in MpJAZ affects the fourth intron instead of the fifth (Jas intron, Supplemental Figure 2A and 2B). The MpJAZ full-length sequence that we amplified is identical to CUFF.15792.1, 2, 3, and 5 in the Marchantia database. Although we have been unable to find other cDNAs different from this full length or the MpJAZDJas described above, BLAST searches in the database retrieved other sequences that show a different acceptor site in the fourth intron (Mapoly0097s0021 or CUFF.15792.6) and would result in two additional amino acids right before the Jas domain (Supplemental Figure 2B ). CUFF.15792.4 and 7 show an insertion of two nucleotides compared with our MpJAZ sequence and, therefore, this frameshift would result in an mRNA that would produce a nonfunctional protein lacking the Jas domain (Supplemental Figure 2B ).
Nuclear Localization
In Arabidopsis, JAZs are nuclear proteins (Chini et al., 2007) . In M. polymorpha, the expression of JAZ fused to citrine under two different promoters (35S and pro MpEF1) showed that MpJAZ is also localized in the nucleus ( Figure 1C , Supplemental Figure 2D ).
Translocation of AtJAZs to the nucleus requires the physical interaction with MYC TFs, which is mainly mediated by the Jas domain (Withers et al., 2012) . Overexpression of MpJAZDJas showed a dual localization in nuclei and cytoplasm, suggesting that, similar to AtJAZs, the lack of the Jas domain affects the nuclear localization of this protein ( Figure 1C , Supplemental Figure 2D ).
Conserved Protein-Protein Interactions
The Jas domain of AtJAZ proteins mediates their interaction with MYC TFs under basal conditions, as well as with the hormone receptor COI1 in the presence of the hormone (Chini et al., 2007; Katsir et al., 2008; Fonseca et al., 2009; Sheard et al., 2010; Ferná ndez-Calvo et al., 2011) . The ZIM domain of AtJAZ is responsible for dimerization and interaction with the adaptor protein NINJA Pauwels et al., 2010) . Using yeast two-hybrid assays, we observed that full-length MpJAZ interacted with AtMYC3, AtMYC4, and AtNINJA, whereas MpJAZD Jas interacted only with AtNINJA ( Figure 2A ). In line with findings from Arabidopsis, these results suggest that the interaction with MYCs requires the Jas domain, whereas the interaction with NINJA occurs through the ZIM domain. MpJAZ also interacted with MpJAZDJas and with AtJAZ3 through the ZIM domain (Supplemental Figure 2E ). MpJAZ has been shown to interact with AtCOI1 in the presence of JA-Ile or its mimic COR (Monte et al., 2018) . Using pull-down assays, we found that this interaction required the Jas domain ( Figure 2B ).
Taken together, these results indicate that despite 450 million years of separate evolution, the roles of Jas and ZIM domains remain conserved between JAZ proteins from M. polymorpha and A. thaliana and can even mediate ''interspecies'' proteinprotein interactions.
Hormone Triggers MpJAZ Degradation by the Proteasome
In Arabidopsis, hormone-triggered interaction of JAZ proteins with the SCF COI1 complex leads to ubiquitination and subsequent degradation of these JAZs by the 26S proteasome (Chini et al., 2007; Thines et al., 2007) . To analyze if the MpJAZ/AtCOI1 interaction described above leads to MpJAZ degradation in vivo, we overexpressed both MpJAZ and MpJAZDJas versions independently in A. thaliana. Consistent with the requirement of the Jas domain for the interaction with COI1, treatment of transgenic plants with either JA-Ile or COR promoted degradation of MpJAZ but not of MpJAZDJas ( Figure 2C and 2D). Moreover, concomitant treatment with the proteasome inhibitor MG132 completely blocked the degradation of MpJAZ, indicating that, like AtJAZs, MpJAZ is degraded through the 26S proteasome ( Figure 2C ).
Mpjaz Mutant Shows Severe Developmental Defects
To characterize the MpJAZ function in vivo in M. polymorpha we generated Mpjaz mutants by conventional CRISPR/Cas9 technology (Sugano et al., 2014 . We obtained two different alleles, Mpjaz-1 and Mpjaz-2, which exhibited similar dwarf phenotypes, narrow branches, and absence of gemma cups compared with the wild-type (WT) Tak-1 plants ( Figure 3A ). Sequencing of Mpjaz-1 revealed an insertion of one nucleotide that generates a premature stop codon and, therefore, a non-functional MpJAZ peptide of 72 amino acids lacking both ZIM and Jas domains. Mpjaz-2 was a chimeric plant bearing at least two different deletions (Supplemental Figure 3A) . Interestingly, parts of the thallus of the chimeric Mpjaz-2 resumed growth. Sequencing of these growing parts confirmed that they carried the WT MpJAZ sequence. The differential growth between mutant and WT cells in this chimeric mutant suggests that the MpJAZdependent signaling pathway has a cell-autonomous effect in M. polymorpha. (A) Yeast two-hybrid assay between full-length MpJAZ (FL) or MpJAZDJas (DJas) and AtMYC3, AtMYC4, or AtNINJA. MYCs were fused to the GAL4 activation domain (AD) and AtNINJA was fused to the GAL4 binding domain (BD). MpJAZ and MpJAZDJas were fused to either BD or AD depending on the interaction partner. Top, yeast growth on SD medium with glucose. Bottom, yeast growth on SD medium with galactose/raffinose. Blue color indicates positive interaction. In addition to stunted growth, the Mpjaz-1 mutant displays other developmental defects. Careful examination of Mpjaz-1 thalli under the scanning electron microscope revealed an abnormal distribution of air pores (unregularly spaced, Figure 3B ). Mutant thalli also showed a characteristic dorsal pattern with enlarged chlorophyll-depleted boundaries between the areolae (polygonal areas that surround the air pores; Figure 3C ). Although the original mutant plant completely lacked gemma cups ( Figure 3A) , the subcultivated Mpjaz-1 thalli eventually developed a few gemma cups, months later than WT Tak-1 plants. These delayed Mpjaz-1 gemma cups were morphologically similar to those from WT plants ( Figure 3C ).
Using chlorophyll autofluorescence as a marker, observation of WT and mutant gemmae under the confocal microscope revealed that Mpjaz-1 gemmae showed fewer rhizoid initial cells than the WT ( Figure 4A ). Rhizoid initial cells correspond to the dark areas in the center of the WT gemma observed under the confocal microscope ( Figure 4A ). After several days of growth under continuous light, Mpjaz-1 gemmae developed significantly fewer emerged rhizoids than the WT ( Figure 4A and 4B).
WT and Mpjaz-1 gemmae had similar sizes ( Figure 4A and 4C). However, Mpjaz-1 mutant gemmae showed a significantly higher number of epidermal cells per gemma, which were smaller than WT cells ( Figure 4A , 4D, and 4E; note that cells from the apical notch were excluded from these analyses).
Despite the similar size of WT Tak-1 and Mpjaz-1 gemmae, Mpjaz-1 growth rate was significantly slower than that of WT or Mpcoi1-2 mutant ( Figure 4F ). Consistently, growth quantification of WT gemmae treated with dn-iso-OPDA revealed that this hormone first inhibits cell expansion and then cell division, similar to the effect described for JA in Arabidopsis ( Figure 4G -4I; Pauwels et al., 2008; Zhang and Turner, 2008) . These results suggest that the repression of the dn-iso-OPDA pathway through MpJAZ promotes cell growth and cell division. The higher number of epidermal cells per gemma in Mpjaz-1 is likely the result of a compensatory mechanism to reach a similar size of mature gemmae.
Growth-phase transition in M. polymorpha can be induced by supplementation of white light with far red (FR; Chiyoda et al., 2008; Kubota et al., 2014) . To assess if the Mpjaz-1 mutant could undergo the transition to reproductive development, we propagated Tak-1 and Mpjaz-1 thalli in vitro and irradiated them with FR for several weeks. In the case of Tak-1, numerous antheridiophores started to emerge 12 days after the start of FR irradiation, and 11 days later they were fully developed (Supplemental Figure 3B and Figure 5A ). In contrast, Mpjaz-1 developed only two antheridiophores after 34 and 54 days of FR irradiation ( Figure 5A ). The production of antheridiophores in Tak-1 after 72 days of FR irradiation was remarkable compared with the poor development of Mpjaz-1 ( Figure 5B ). The morphology of Mpjaz-1 antheridiophores was also different from that of WT, with aberrant formation of the antheridial receptacle, giving rise to two or four lobes instead of the WT circular shape ( Figure 5A and 5B) . Mpjaz-1 antheridiophores also displayed reduced elongation of the stalk ( Figure 5A ) compared with stage 5 Tak-1 antheridiophores, according to the shape of the antheridial receptacle (Higo et al., 2016) . Mpjaz-1 antheridiophores underwent senescence before becoming mature, and therefore they could not be used for crossing. These results indicate that MpJAZ is necessary for normal sexual organ development and fertility. We also observed that Mpjaz-1 plants showed premature senescence in the oldest parts of the thalli, whereas Tak-1 vegetative thalli remained completely green ( Figure 5B ).
Altogether, phenotypic characterization of Mpjaz mutants revealed that the lack of suppression of the pathway leads to a general repression of growth, and therefore suggests a general function for MpJAZ compatible with a promotion of growth in most tissues.
Constitutive Activation of the MpCOI1-Dependent Pathway in Mpjaz
The dwarf phenotype of Mpjaz mutants ( Figure 3A) is consistent with a constitutive activation of the pathway, which leads to growth inhibition in both Marchantia and Arabidopsis (Campos et al., 2016; Monte et al., 2018) . To test this hypothesis at the molecular level, we analyzed gene expression in Mpjaz using a microarray previously developed in our laboratory (Monte et al., 2018) and compared differentially expressed genes in Mpjaz with available data of OPDA-and wounding-regulated gene expression in WT or Mpcoi1 (Monte et al., 2018) . Transcriptomic analyses revealed a great overlap (38%) between the upregulated genes in Mpjaz and those upregulated in WT Tak-1 2 h after wounding ( Figure 6A ). Gene ontology (GO) analysis of the genes upregulated under both conditions (common to Mpjaz and wounding; Supplemental Data 1 and 2) showed an enrichment in the categories related to jasmonate response and metabolism, as well as response to wounding and secondary metabolism, including terpenoids (Supplemental Figure 4A and Supplemental Data 1 and 2). Similar analysis of genes exclusively upregulated in Mpjaz (not by wounding) revealed enrichment in terpenoid biosynthesis, response to light, and regulation of chlorophyll (Supplemental Figure 4B and Supplemental Data 3). All these processes have been related to jasmonates in angiosperms (Wasternack and Hause, 2013) , which supports the constitutive activation of the jasmonate pathway in Mpjaz. Clustering of upregulated genes in the different experiments showed an up-regulation of OPDA-and wound-induced genes in the Mpjaz-1 mutant compared with WT Tak-1 ( Figure 6B ). These results indicate that one of the main functions of MpJAZ is repressing the synthesis of secondary metabolites such as terpenoids, carotenoids, flavonoids, and phenylpropanoids. GO analysis of all the genes downregulated in Mpjaz-1 showed a general defect in abiotic stress responses, photosynthesis, cell wall organization, and plasmodesmata-mediated intercellular transport (Supplemental Figure 5 ; Supplemental Data 4 and 5).
Similar to the transcriptomic profile of the AtjazD mutant, Mpjaz-1 showed a down-regulation of photosynthesis and an up-regulation of the shikimate pathway and amino acid metabolism (Supplemental Data 2, 3, and 5; Guo et al., 2018a) .
A qPCR analysis of three genes differentially expressed according to microarray data (MpAOS2, MpAOC, and MpCHL) confirmed their up-regulation in Mpjaz-1 ( Figure 6C ). MpAOS2 and MpAOC are involved in the biosynthesis of OPDA and dinor-OPDA (Yamamoto et al., 2015; Koeduka et al., 2015) , so next we measured the accumulation of these molecules in the mutant and the WT. Mpjaz-1 accumulates higher amounts of OPDA, dn-OPDA, and dn-iso-OPDA ( Figure 6D ). These higher levels support the conservation of the positive feedback loop of hormone biosynthesis described in Arabidopsis and Marchantia (Wasternack and Hause, 2013; Monte et al., 2018) .
Expression of MpJAZ and MpJAZDJas Confers Insensitivity to OPDA in M. polymorpha
Consistent with the dwarf phenotype of mature thalli, Mpjaz-1 gemmalings showed stunted growth compared with WT Tak-1 under basal conditions ( Figure 7A and 7B ). Expression of a Cas9-resistant (codon-optimized sequence to avoid gRNA annealing without altering protein sequence) version of MpJAZ fused to citrine into the Mpjaz-1 background showed nuclear localization (Supplemental Figure 6A and 6B) as WT MpJAZ-Citrine ( Figure 1C and Supplemental Figure 2D ). Moreover, the transgene fully restored the WT phenotype of thalli as well as the production of gemmae and gemma cups, confirming that the Mpjaz-1 mutation was responsible for the developmental defects of the mutant (Figure 7A and 7B). Gemmae from Mpjaz-1 plants overexpressing MpJAZ ( pro MpEF1:MpJAZ-Citrine/Mpjaz-1) showed WT phenotype under control conditions and were more resistant to OPDA than WT ( Figure 7A and 7B ). This increased OPDA resistance is consistent with a higher expression of the transgene than the endogenous MpJAZ and with its function as a repressor.
In Arabidopsis, expression of truncated versions of JAZs lacking the Jas motif confers insensitivity to JA (Chini et al., 2007; Thines et al., 2007) . Similarly, the overexpression of MpJAZDJas in the Tak-1 background conferred partial resistance to OPDA ( Figure 7C and 7D) .
AtJAZ3 Complements Mpjaz Defects
To further confirm if JAZ function is conserved between M. polymorpha and A. thaliana, we attempted to complement Mpjaz-1 with AtJAZ3. Constitutive expression of AtJAZ3 ( pro MpEF1:AtJAZ3-Citrine/Mpjaz-1) reverted the stunted growth of the Mpjaz-1 mutant, indicating that JAZ function is conserved in land plants, even between species that are evolutionarily separated by more than 450 million years ( Figure 7E ). The overexpression of AtJAZ3 also restored the formation of gemma cups and WT-like antheridiophores in the Mpjaz-1 background (Supplemental Figure 7C ).
The overexpression of either MpJAZ or AtJAZ3 in the Mpjaz-1 background also restored the epidermal defects of the mutant, as the analysis of the transgenic lines showed WT phenotype in gemmaling rhizoid emergence or epidermal cell size ( Figure 7F and 7G).
DISCUSSION Evolutionary Origin of JAZ
Phylogenetic analyses of jasmonate signaling components have identified conserved sequences in all land plants, indicating that this pathway may have been already present in the common ancestor of land plants (Bowman et al., 2017) . From an evolutionary perspective, we have observed that PPD proteins are already present in charophyte algae and that the PPD domain is partially conserved in MpJAZ, which suggests that PPD proteins could have been the evolutionary precursors of JAZs. Moreover, our phylogenetic analyses place ZIM proteins as the ancestral TIFYs that evolved into the other members of the superfamily, including PPD, JAZ, and TIFY8. (A) Overlapping set of genes upregulated in Mpjaz-1 or in Tak-1 2 h after wounding (LogRatio > 1; false discovery rate (FDR; RankProd) < 0.05). (B) Clustering analysis (k-means) of genes upregulated by either wounding (Tak-1 wound 2 h versus mock) or OPDA (Tak-2 OPDA 2 h versus mock, and Mpcoi1-1 OPDA 2 h versus Tak-2 OPDA 2 h) selected by LogRatio > 1 and FDR (RankProd) < 0.05 compared with Mpcoi1-2 (OPDA 2 h versus mock) and Mpjaz-1 (Mpjaz-1 versus Tak-1). The k-means analysis was set to two clusters, in which the top cluster corresponded to MpCOI1-dependent genes (228 genes) and the bottom cluster to MpCOI1independent genes (370 genes). Total number of genes, 598. (C) qPCR analyses of three OPDA-marker genes (MpAOS2, MpAOC, and MpCHL) in Tak-1 and Mpjaz-1 mutant. Data shown as mean ± SD. Student's t-test: **p < 0.01; ***p < 0.001. (D) Accumulation of OPDA, dinor-OPDA and dinor-iso-OPDA in WT Tak-1 and Mpjaz-1 under basal conditions. Data shown as mean ± SD. Student's r-test: **p < 0.01; ***p < 0.001.
Within the JAZ subfamily, MpJAZ is phylogenetically closer to subgroup V of AtJAZ (JAZ3/4/9). Consistent with this, results from complementation assays, and conservation of the repression function of AtJAZ3D Jas and MpJAZDJas in the absence of a Jas or CMID, suggest that subgroup V is also functionally closer to MpJAZ. Altogether, our results suggest that AtJAZ3/ JAZ4/JAZ9 might be closer to the ''ancestral'' JAZ than the other AtJAZ paralogs.
Regarding the selective pressure for JAZ appearance in evolution, it has been proposed that jasmonate signaling may have evolved to maximize plant fitness under opposing constraints from the metabolic costs of defense and susceptibility costs of biotic attack (Guo et al., 2018b) . Activation of specialized metabolism for the production of defense compounds results in growth restriction. Thus, JAZ repressors may have evolved to reduce detrimental effects of high levels of defense secondary metabolites by repressing the corresponding TFs (Guo et al., 2018b; Howe et al., 2018) . Consistent with this hypothesis, gene-expression analysis of Mpjaz-1 revealed an overrepresentation of GO terms related to secondary metabolism, including defensive terpenoid biosynthetic genes and the shikimate pathway, which is conserved in Arabidopsis jaz mutants (Guo et al., 2018a) .
Functional Conservation and Lack of Redundancy
Sequence homology does not guarantee functional conservation, which requires experimental confirmation. In this work, we have characterized MpJAZ and demonstrated its functional conservation with AtJAZ. The most conclusive support for the functional JAZ Function Is Conserved in Land Plants conservation of MpJAZ and AtJAZ is the fact that overexpression of AtJAZ3 complements the defects of the Mpjaz-1 mutant regarding growth inhibition, rhizoid emergence, cell size, gemma cup formation, or antheridiophore development. This indicates that AtJAZ3 can likely repress the same set of genes as MpJAZ. The functional conservation between MpJAZ and AtJAZ provides an unprecedented opportunity to analyze JAZ function in plants that possess only one JAZ gene, a task that has proved difficult in current models due to high gene redundancy. For instance, Arabidopsis contains 13 JAZ genes, and after more than 10 years since their discovery (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007) , the specific function of each of them remains unclear. Despite the elevated number of JAZ genes, quintuple, decuple, and even undecuple mutants have been recently characterized (Campos et al., 2016; Guo et al., 2018a) . Octuple mutants of AtjazQ with a triple myc have also been obtained (Major et al., 2017; Howe et al., 2018) . Whereas these are remarkable achievements, it is clear that redundancy is a problem for genetic analyses that could be overcome by exploiting interspecies variation and focusing on plants with low levels of genetic redundancy, such as M. polymorpha.
Molecular Plant
JAZ Function Is Conserved in Land Plants
Marchantia contains one single JAZ gene with all the typical features of Arabidopsis JAZ. MpJAZ contains one ZIM and one Jas domain, which can establish the same interactions as the corresponding domains from AtJAZs: The ZIM domain is involved in homo-and heterodimerization and interaction with NINJA, while the Jas domain mediates the interaction with MYC TFs as well as the hormone-dependent COI1 interaction (Chini et al., 2007 Katsir et al., 2008; Pauwels et al., 2010; Sheard et al., 2010; Monte et al., 2018) .
Conservation of Alternative Splicing and Nuclear Localization
Also similar to AtJAZ, MpJAZ shows nuclear localization, whereas the alternatively spliced MpJAZDJas has a dual localization in the nucleus and cytoplasm (Chini et al., 2007; Chung et al., 2010; Howe et al., 2018) . In A. thaliana, the nuclear import of AtJAZ requires the interaction with AtMYCs and is partially impaired in alternative spliced forms (AtJAZDJas) that lack the MYC interaction domain (Withers et al., 2012) . This supports the idea that MpJAZ nuclear localization is regulated by the same mechanism as that of AtJAZ. Moreover, it also suggests that, consistent with the interaction between MpJAZ and AtMYCs, MpJAZ should interact with the M. polymorpha orthologs of AtMYCs, enabling the proper nuclear localization.
Transcriptional regulation of MpJAZ is also conserved in M. polymorpha. MpJAZ expression is induced by the same signals that activate AtJAZ expression in A. thaliana. For instance, wounding quickly upregulates both MpJAZ and MpJAZDJas forms, indicating that alternative splicing of JAZ genes is an ancient regulatory mechanism of JAZ function. However, although conserved splicing is indicative of functional conservation, the exact mechanism involved in splicing of MpJAZ and At-JAZs is different (Chini et al., 2007; Chung et al., 2010; Howe et al., 2018) . AtJAZs alternative transcripts retain the Jas intron, whereas in MpJAZ the intron involved is the fourth, and the Jas intron, which is the fifth, is not affected. Whether this splicing of MpJAZ is conserved in other species remains to be studied. However, the existence of a splicing in MpJAZ with a function conserved with that of AtJAZs (elimination of the Jas domain) highlights the relevance of eliminating the Jas domain for a proper regulation of JAZ function.
In A. thaliana, alternatively spliced JAZs that lack the Jas domain act as constitutive repressors of the pathway. In the absence of the Jas domain, these AtJAZDJas forms cannot interact with AtCOI1 and are, therefore, resistant to COI1dependent proteasomal degradation. However, some of these AtJAZDJas proteins bear a CMID (Moreno et al., 2013 ) that enables their interaction with their TF targets, such as AtMYC.
The presence of the CMID and the absence of Jas has been proposed as the mechanism to explain why these AtJAZDJas proteins behave as non-degradable constitutive repressors (Zhang et al., 2017) . However, not all AtJAZs have a CMID and still behave as non-degradable constitutive repressors (i.e., At-JAZ3DJas; Chini et al., 2007) . This indicates that CMID cannot be the only mechanism that governs constitutive repression by all AtJAZDJasproteins. The fact that MpJAZDJas acts as a nondegradable repressor and does not have a CMID suggests that this alternative mechanism is ancient and pre-dates the evolution of the CMID in vascular plants. As the CMID is missing in Marchantia, this alternative mechanism cannot involve heterodimerization through this domain, and may instead involve the interaction of MpJAZDJas with full-length MpJAZ. Whether this interaction prevents MpJAZ degradation, which would keep repression of MYCs, is an intriguing possibility that awaits further experimental confirmation.
JAZ Conserved Function: Promotion of Growth and Reproductive Fitness and Repression of Senescence, Hormone Biosynthesis, and Defenses
Consistent with the activity of MpJAZ as a repressor, the Mpjaz-1 mutant exhibits massive transcriptional changes compatible with a constitutive response similar to that triggered by exogenous OPDA treatment or wounding (Monte et al., 2018) . The upregulation of OPDA biosynthetic genes in Mpjaz-1 and the increased accumulation of the precursor OPDA and the hormones dn-OPDA and dn-iso-OPDA indicate that the positive biosynthetic feedback loop is conserved in land plants.
Among the upregulated genes in Mpjaz-1, we found a significant enrichment in the categories related to jasmonate responses in angiosperms, namely response to stress, defense, oxylipin and jasmonate biosynthesis, secondary metabolism, and development (Wasternack and Hause, 2013) . We detected an up-regulation of both MpCOI1-dependent and -independent genes. We have previously shown that OPDA treatment could induce genes dependent on and independent of MpCOI1 (Monte et al., 2018) . Given that Mpjaz-1 accumulates high OPDA levels, it is not surprising to detect the up-regulation of both sets of genes.
Since OPDA, dn-cis-OPDA, and dn-iso-OPDA inhibit growth in M. polymorpha, the constitutive activation of this pathway in the Mpjaz mutants is consistent with their stunted growth and with the dwarf phenotype of the high-order jaz mutants in A. thaliana (AtjazQ, AtjazD; Campos et al., 2016; Guo et al., 2018a) . Mpjaz plants display multiple developmental defects in the different stages of the life cycle, and most of these defects are related to the general growth inhibition generated by a sustained activation of the dn-OPDA pathway, which is in line with the reported role of jasmonates in growth inhibition (Staswick et al., 1992; Zhang and Turner, 2008; Campos et al., 2016; Major et al., 2017; Guo et al., 2018a) . These results support the conserved role of MpJAZ in promoting growth, as in that described for AtJAZs (Guo et al., 2018a; Howe et al., 2018) .
Development of gemma cups is extremely reduced in Mpjaz-1 mutants, as well as the development of sexual organs, which make these mutants infertile. This points to a role for MpJAZ in promoting both sexual and asexual reproductive fitness. This role is conserved in Arabidopsis, where AtjazD is severely affected in fertility and seed production (Guo et al., 2018a) . The sterility phenotype of Mpjaz-1 is very strong, which is consistent with the fact that loss of JAZ function is complete in Mpjaz-1.
Other developmental defects of the Mpjaz-1 mutant, however, are related to cell determination and patterning. For instance, Mpjaz-1 gemmae show fewer rhizoid initial cells than the WT, despite having more epidermal cells, and gemmalings develop fewer rhizoids than WT. WT M. polymorpha thalli show a regular distribution pattern of air pores, but this pattern is disturbed in Mpjaz-1. The mutant shows enlarged boundaries between the areolae that surround every air pore. The areolae are intensely green due to the assimilatory filaments enriched in chloroplasts located in the air chamber. The Mpjaz-1 mutant seems to lack these air chambers in certain parts of the thalli and therefore these regions between areolae look pale and are probably depleted in chlorophyll. In mature thalli we have also observed that Mpjaz-1 shows an early senescent phenotype compared with the WT. Both phenotypes (reduced chlorophylls and early senescence) are consistent with the role of jasmonates in chlorophyll breakdown and senescence described in vascular plants (Ueda and Kato, 1980) and with the down-regulation of genes involved in photosynthesis in Mpjaz-1 and AtjazD (Guo et al., 2018a) .
The existence of a single JAZ in M. polymorpha has enabled us to characterize JAZ function, overcoming the problem of genetic redundancy found in vascular plants and emphasizing the importance of comparative genomics analyses in M. polymorpha. MpJAZDJas-GFP lines were generated in this study. A. thaliana 35S:AtCOI1-Flag seedlings were grown on MS medium for 10 days under long-day conditions and at 22 C. OPDA, dn-cis-OPDA, and dn-iso-OPDA were synthesized as previously described (Monte et al., 2018) .
MATERIALS AND METHODS
Gene Identification and Phylogenetic Analyses
Protein sequences were obtained from www.marchantia.info, Phytozome, or OneKP databases (Matasci et al., 2014) . All sequences were aligned with MUSCLE or DiAlign and trees were built with BioNJ or PhyML using 100 bootstraps.
CRISPR/Cas9-Mediated Mutagenesis to Obtain Mpjaz-1 and Mpjaz-2 Mutants
The gRNA was designed in the first exon of MpJAZ (see Supplemental  Table 1 for primers) and cloned into the pMpGE_En03 vector carrying the Cas9 . This vector was transformed into Agrobacterium tumefaciens strain GV3101. M. polymorpha cut-thalli (Tak-1) were transformed and transformants were selected on hygromycin as previously described (Kubota et al., 2013) . Transformants were genotyped and sequenced to identify the mutations as described .
Cloning and Transformation
MpJAZ and MpJAZDJas sequences were amplified from Tak-1 cDNA and cloned into pDONR207 through the BP reaction (Invitrogen). The plasmids pDONR207 carrying AtJAZ3, AtMYC3, AtMYC4, or AtNINJA were already available in the lab. The Cas9-resistant version of MpJAZ was amplified with Expand High Fidelity (Roche) with specific primers ( Supplementary  Table 1 ) for the mutations and cloned also into pDONR207 through the BP reaction (Invitrogen). Through the LR reaction (Invitrogen), MpJAZ was cloned into pGILDA, pB42AD, pMpGWB106 and 108, and pEG103; MpJAZDJas was cloned into pGILDA, pB42AD, pMpGWB108, and pEG103; MpJAZ Cas9R and AtJAZ3 were cloned into pMpGWB308; AtMYC3 and AtMYC4 were cloned into pB42AD; and AtNINJA was cloned into pGILDA. Y2H constructs for AtJAZ were kindly provided by Alain Goossens (VIB Ghent, Belgium).
BC4 sporelings were transformed with the constructs pMpGWB106 and 108 carrying either MpJAZ or MpJAZDJas . Complementation of the Mpjaz-1 mutant with pMpGWB308 carrying MpJAZ Cas9R or AtJAZ3 was performed following the cut-thalli protocol (Kubota et al., 2013) . The 35S:MpJAZ-GFP and 35S:MpJAZDJas-GFP constructs were introduced into A. thaliana Col-0 by floral dipping, and T3 homozygous plants were selected in phosphinothricin to perform the experiments.
Confocal Microscopy
Gemmae of transgenic plants expressing either MpJAZ-Citrine or MpJAZDJas-Citrine were grown on liquid 0.5 Gamborg's B5 medium (supplemented with either dn-iso-OPDA [50 mM] or ethanol when indicated) for up to 2 days under long-day conditions (16 h light/8 h dark) and then citrine was visualized in a Leica TCS SP5 laser scanning confocal microscope (excitation at 514 nm; 20% power; emission bandwidth between 661 and 747 nm). A 203 objective was used to acquire z series section images (1024 3 1024 resolution). Images were acquired and processed using the Leica Application Suite (LAS-AF, v.2.7.3) and merged pictures were obtained by Z projection using ImageJ. For Tak-1 and Mpjaz-1 gemma experiments, gemmae were incubated overnight in liquid 0.5 Gamborg's B5 medium under long-day conditions and visualized in the morning in a Leica LTCS SP8 (excitation at 633 nm; 21% power). The 0.5-day-old gemmae were stained with DAPI (4 0 ,6-diamidine-2 0 -phenylindole) (1 mg/ml) using vacuum infiltration (4 min, twice) and incubation of the plants for 2 h prior to visualization in a Leica fluorescence microscope. Gemma or plant area and number of epidermal cells per gemma were measured with ImageJ. Plots were drawn with RStudio.
Scanning Electron Microscopy
Thalli were cut, fixed in ethanol (50%), acetic acid (5%), and formaldehyde (10%) overnight at 4 C and dehydrated in ethanol before critical point drying (Flores-Sandoval et al., 2015) . Samples were then gold-coated in a sputter coater (Quorum, Q150T-S) and observed in a scanning electron microscope (Hitachi S-3000N).
Yeast Two-Hybrid Assay
Yeast two-hybrid assay was performed as indicated (Cué llar et al., 2013) , using the LexA system and the Gateway-compatible vectors pB42AD (bearing the activation domain, AD) and pGILDA (for fusions to the binding domain). The yeast strain was EGY48 (p8opLacZ).
Hormone Measurements
Hormone measurements were performed as previously described (Monte et al., 2018) .
Protein Extraction and Pull-Down Assays
Protein extraction and subsequent pull-down assays were performed as previously described Fonseca and Solano, 2013; Monte et al., 2018) .
Degradation Assays
A. thaliana transgenic plants overexpressing either MpJAZ or MpJAZDJas fused to GFP were grown on MS medium containing 0.6% agar for 7 days and then transferred to MS liquid medium in a 12-well plate, where the different compounds were added for 3 h. Plates were incubated under white light with shaking and then collected in liquid nitrogen. GFP fusions were immunodetected with anti-GFP-HRP antibody (MACS). Actin was immunodetected with anti-actin (produced in mouse; Sigma) and antimouse-HRP (GE Healthcare) antibodies.
Microarrays and qPCR
RNA extraction and microarray hybridization were performed as previously described (Monte et al., 2018) . Raw data have been deposited in GEO under the accession no. GSE118149. Clustering of genes was performed using k-means with Euclidean distance (Soukas et al., 2000) in the Multi Experiment Viewer (http://mev.tm4.org/), and the Venn diagram was originally obtained with Venny (http://bioinfogp.cnb.csic. es/tools/venny/) and RStudio. GO analysis was performed with Cytoscape using the Marchantia annotation developed by Sean Montgomery (GMI, Vienna, Austria) and Tom Yamato (Kindai University, Japan).
For qPCR experiments, total RNA was extracted with either the Favorgen plant RNA extraction kit or Trizol reagent (Invitrogen) plus RNA purification kit (Roche) including DNase treatment. cDNA was synthesized from 1 mg of total RNA using the High Capacity cDNA reverse transcription kit (Applied Biosystems). Diluted cDNA was used as the template for the Power SYBR Green (Applied Biosystems) or EvaGreen (Solis BioDyne) mix, and the expression of MpJAZ, MpJAZ FL, MpJAZDJas, MpAOS2, MpAOC, and MpCHL was analyzed using MpACT or MpAPT as the housekeeping gene (primer sequence in Supplemental Table 1 ).
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